Surface-molecule interactions play an essential role in loading capacity and release kinetics in nanostructured materials with high surface area-to-volume ratio. Engineering the surfaces via immobilizing functional moieties is therefore a versatile means to enhance the performance of drug delivery platforms with nanostructured components. Nanoporous gold (np-Au), with its high effective surface area, well established gold-thiol chemistry, and tunable pore morphology, is an emerging material not only for drug delivery applications but also as a model system to study the influence of physicochemical surface properties on molecular loading capacity and release kinetics. Here, we functionalize np-Au with self-assembled monolayers (SAMs) of alkanethiols with varying functional groups and chain lengths, and use fluorescein (a small-molecule drug surrogate) to provide insight into the relationship between surface properties and molecular release. The results revealed that electrostatic interactions dominate the loading capacity for short SAMs (two carbons). As SAM length increases the loading capacity displays a nonmonotonic dependence on chain length, where for medium-length SAMs (six carbons) allow for higher loading plausibly due to denser SAM surface packing. For longer SAMs (11 carbons), the steric hindrance due to long chains crowds the pores, thereby hampering fluorescein access to the deeper pore layers, consequently reducing loading capacity.
INTRODUCTION
A common goal for most drug delivery platforms is to maintain the delivered dose within a specific therapeutic window during therapy duration. For these platforms, high drug loading capacity and tunable release kinetics are two important figures of merit 1 . Nanostructured materials have shown significant promise in achieving these requirements, where carbon nanotubes, nanoporous anodic alumina, nanotubular titania, and porous silicon are often used [2] [3] [4] [5] . For these material systems with high effective surface area, surface-drug molecule interactions play an essential role in loading capacity and release kinetics [6] [7] . Properties of the drug molecules (e.g., electrical charge, size, chemical reactivity), the materials (e.g., morphology, surface charge), and the liquid medium where the molecules are delivered (e.g., ionic strength, pH) are all crucial factors in dictating drug delivery performance 2, 6 . Nanoporous gold (np-Au), with its high effective surface area, well established gold-thiol-mediated surface modifications, and tunable pore morphology, is a promising material for drug delivery applications and studying the influence of physicochemical surface properties on the moleculeloading capacity and release kinetics [8] [9] [10] [11] [12] [13] [14] [15] . Our previous studies have focused on the effect of pore morphology and elution medium constituents on the molecular release from np-Au coatings 11, 16 . These studies highlighted the significance of surface-molecule interactions in dictating molecular release from np-Au. The goal of this paper is to leverage the importance of surface-molecule interactions and systematically modify np-Au surfaces with SAMs of alkanethiols with varying electrical charge and monolayer thickness on the surface in order to provide insight into the relationship between surface properties and molecular release.
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MATERIALS AND METHODS
Materials and Chemicals Reagents
Glass coverslips (12 mm x 24 mm), which are used as substrates for np-Au thin films, were purchased from Electron Microscopy Sciences. Kurt J. Lesker sputtering targets (chrome, gold, silver) were used for depositing gold-silver alloys (precursor to np-Au). Polydimethylsiloxane (PDMS) elastomer sheets were purchased from B & J Rubber Products and used as stencil masks to produce np-Au patterns on glass coverslips. Fluorescein sodium salt, sodium hydroxide, nitric acid (70%), 6-mercapto-1-hexanol, 6-mercaptohexanoic acid, 6-amino-1-hexanethiol hydrochloride, calcium chloride, calcium nitrate monohydrate, and 200-proof molecular biology grade ethanol were all purchased from Sigma-Aldrich. 11-amino-1-undecanethiol hydrochloride was purchased from Dojindo. Dulbecco`s phosphate-buffered saline without calcium and magnesium (1x-PBS) was purchased from Life Technologies.
Fabrication and Characterization of np-Au Release Samples
Our previous work describes the detailed fabrication of patterned np-Au thin films used in the release experiments 11, 16 . Briefly, in order to fabricate the release chips (also referred to as release samples) used for molecular release from 3 mm x 3 mm np-Au patterns, we sputtered a stack of metal layers through a laser-cut PDMS stencil mask temporarily placed on glass coverslips. The stack of deposited materials consisted of chrome adhesion layer (160 nm), gold seed layer (80 nm), and gold-silver alloy layer (600 nm) obtained by co-sputtering gold and silver. The final metal films were immersed in 70% nitric acid at 55 °C for 15 minutes to dealloy the gold-silver layer to produce the release chips. Scanning electron microscopy (SEM, FEI Nova NanoSEM430) was used to determine the thickness and morphological features of the npAu films. The silver and gold composition of the films were determined by energy dispersive Xray spectroscopy (EDS, Oxford Inca Energy). The SEM images were analyzed with a 
Surface Modification and Contact Angle Measurements
The np-Au release chips were cleaned with oxygen plasma at 10 W for 1 minute in order to increase the hydrophilicity of the surface before any experimental procedure. Thiol solutions (4 mM) were prepared in molecular biology grade ethanol. The release chips were immersed in these solutions immediately following the plasma treatment and incubated for 24 hours. After incubation, the samples were rinsed with ethanol and dried. .
Loading and Molecular Release Quantification
The SAM-modified np-Au chips were incubated overnight in 250 μl-microcentrifuge tubes filled with loading medium (10 mM fluorescein sodium salt in deionized (DI) water, where a steadystate loading isotherm is typically reached for bare np-Au surfaces) at room temperature to initiate fluorescein release from the np-Au chips. At successive time points, 10 μL of solution was sampled from the elution tube (following pipet agitation to ensure homogeneity) and mixed with 10 μL of 50 mM NaOH to enhance fluorescence intensity 11, 16 . The fluorescence intensity of the resulting solution was quantified with NanoDrop 3300 fluorospectrometer at a peak emission wavelength of 515 nm. The fluorescence measurements were converted to corresponding concentration and mass of released fluorescein via calibration curves. Once the release profile reached a steady-state, last three data points on the plateau were averaged and divided by the 
RESULTS AND DISCUSSION
The central aim of this study was to investigate the effect of surface-molecule interactions on the loading capacity of fluorescein by modifying np-Au surfaces ( Figure 1 ) with alkanethiols of different functional groups and chain lengths. The samples used in this study were fabricated by dealloying the sputter-deposited precursor gold-silver alloy. The elemental composition of the films before and after dealloying were respectively 30%:70% (Au:Ag, atomic percent) and 3-5% of residual silver. The resulting porous films had a distribution of pores 18 , where average ligament (light gray areas) and pore (small dark areas) width were 144 ± 12 nm and 78 ± 7 nm respectively. Tensile stress accumulation during the dealloying step results in hairline cracks (large connected darker regions in top SEM view) throughout the film, which were included in the determination of pore width 19 . The influence of cracks on loading capacity and release kinetics have been reported previously 11 .
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Effect of Functional Group on Loading Capacity
The use of different functional end-groups on thiolated surfaces allows for a systematic study of surface charge and resulting surface-molecule interactions. To that end, we immobilized moieties with distinct electrical charges on the np-Au surface via anchoring thiols with different functional groups. More specifically, the np-Au surfaces were separately modified with 6-mercapto-1-hexanol (6-OH), 6-amino-1-hexanethiol (6-NH2), and 6-mercaptohexanoicacid (6- . This two-fold decrease in adsorption site density is consistent with the similar decrease in loading capacity for amine-modified np-Au compared to the bare np-Au.
The loading capacity for electrically-neutral OH-modified np-Au surface was negligible even though the bare np-Au also does not present a prominent surface charge. In addition to the difference in density of adsorption sites on the two surfaces for fluorescein loading, we also attribute this to gold atoms being more polarizable than the hydroxyl groups, thereby procuring a larger induced dipole than the hydroxyl group , where r is the distance between the point charge and the dipole or induced dipole 24 . If approximated that during loading (i.e., adsorption of fluorescein molecules onto the surface) r approaches to zero, the interaction energy would be higher for the case of ion-induced dipole (fluorescein and non-modified np-Au interaction) and lead to a higher loading capacity than that for hydroxyl-modified np-Au.
In order to further test the effect of the electrostatic interactions on loading capacity, we introduced cations into the loading medium by supplementing the fluorescein solution with calcium salts. Binding of divalent metal ions such as calcium onto SAM-modified electrode surfaces is well known 25 . Here, we test the hypothesis that calcium cations in the loading medium would improve loading capacity by acting as electrostatic linkages between negativelycharged fluorescein molecules and the negatively-charged carboxyl-treated np-Au. To that end, we used 100 mM CaCl2 as the loading medium and PBS was selected as the elution medium. It 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 should be noted that halide ions results in a fast release of fluorescein from non-modified np-Au films by substituting adsorbed fluorescein molecules due to high gold-halide affinity 16 . In order to control the possible influence of chloride in this experiment and to decouple calcium ions' effect on loading capacity, 100 mM Ca(NO3)2 was used for the loading medium as a control group.
When modified surfaces were incubated in fluorescein solutions prepared in CaCl2 and Ca(NO3)2, a higher loading capacity (0.24 and 0.25 μg/cm 2 ) was observed compared to that seen for samples incubated in fluorescein solution without the calcium cation linkers (Figure 3) . There was not a significant difference between loading capacities of the chips loaded in CaCl2
and Ca(NO3)2 suggesting that the presence of halide did not influence the fluorescein release since SAM makes gold surface inaccessible in both of the cases. This insensitivity to the halide also indicates that np-Au surface must be largely covered by the SAM, confirming the effectiveness of the thiol-based SAM formation on gold. The corresponding fractional release profiles into DI water and PBS for the three different surface modifications.
12
As stated earlier, the packing density of SAMs increases with chain length 26 , thereby a monotonic increase in loading capacity is expected for np-Au surfaces modified with amino-thiol SAMs of increasing chain length. However, as the packing density increases, the alkanethiols become more brush-like and extend further away from the surface. Even though the longest chain tested here would have a length of 1.6 nm 27 , this may still lead to considerable hindrance in transport at sites where channels narrow down to a few nanometers ( Figure 1B) , as confirmed by pore size distributions reported previously 18 . It is probable that for a bicontinuous nanochannel network that constitutes np-Au, even a small number of constrictions along a channel may hinder the access to the deeper pores (plausibly via steric crowding and/or increased probability of fluorescein-surface adsorption/desorption events), thereby reducing loading capacity. Taken together, the observed non-monotonic trend of loading capacity for a SAM-modified nanostructured material can be attributed to the interplay of two mechanisms: (i) chain-length dependent packing density and (ii) steric hindrance-driven surface accessibility.
The results suggest that even though more fluorescein molecules can be adsorbed onto the amine-modified surfaces with increasing chain length ( Figure 5A ), the increasing steric hindrance to molecular permeation limits the available np-Au surface that can be loaded by fluorescein ( Figure 5B ). The combination of the two mechanisms was deemed responsible for the observed non-monotonic trend.
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 As seen in Figure 4A , the release into PBS suggests a similar loading capacity compared to that for release into DI water; however, a faster release is observed for the PBS case ( Figure 4B ). This is consistent with our previous results that indicated fast release of fluorescein from nonmodified np-Au films in PBS due to rapid displacement of surface-bound fluorescein molecules by chloride ions in PBS with high affinity to gold. A similar, yet less pronounced behavior is evident for the amine-modified np-Au films ( Figure 4B ). Since shown earlier, non-modified gold surface is largely screened by the SAM layer, therefore halide-gold interaction is not likely.
However, chloride anions can electrostatically interact with the positively-charged amine functional groups, thereby disrupting the fluorescein-amine complexes. Unlike the halide-bare 14 gold case, where the interaction is thermodynamically-driven, we expect the fluorescein-aminechloride interaction to be kinetically-driven, thereby the release profile being less sensitive to the presence of halides. It should be noted that the molecular release in np-Au is composed of desorption of surface-bound molecules and their efflux through the porous network. Since both of these processes depend strongly on the SAM packing density and extent of steric hindrance, it is difficult to make definitive conclusions with regards to the effect of SAMs on release kinetics.
CONCLUSION
We used np-Au as a model nanostructured material for studying molecular loading and release, and demonstrated the effect of surface modification with functional alkanethiols on molecular release behavior. The results revealed that electrostatic interactions dominated the loading capacity for np-Au films with different functional groups while packing density and steric effects played a role in determining loading capacity of np-Au films modified with different chain length of amine-terminated alkanethiols. Increase in the loading capacity displayed a non-monotonic dependence on chain-length, where for medium-length SAMs (six carbons) allowed for higher loading compared to short-length (two carbons) due to denser SAM surface packing. For longer SAMs (eleven carbons), the steric hindrance due to long chains crowded the pores, thereby hampering fluorescein access to deeper pore layers and consequently reducing loading capacity. The approach described here can be expanded to use of other alkanethiols with different functional groups to modulate the surface-molecule interactions for custom cases such as release in specific pH conditions [28] [29] . We expect that this work will assist in development of novel drug delivery platforms based on nanostructured materials. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Engineering on-Chip Nanoporous Gold Material Libraries Via Precision Photothermal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   20   TABLE OF 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
